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Michel Verdaguer*[c]
Dedicated to the memory of the late Professor Olivier Kahn, for his invaluable contributions to the field of molecular magnetism
Abstract: We report the preparation, crystal structure determi-
nation, magnetic properties and DFT calculations of five
oxalato-bridged dicopper(II) complexes of formula [Cu2(bpy)2-
(H2O)2(C2O4)](CF3SO3)2 (1), [Cu2(bpy)2(C2O4)](PF6)2 (2),
[Cu2(bpy)2(C2O4)](ClO4)2 (3), [Cu2(bpy)2Cl2(C2O4)]·H2O (4) and
[Cu2(bpy)2(NO2)2(C2O4)] (5) (bpy = 2,2′-bipyridine and C2O42– =
oxalate). Compounds 1, 2, 4 and 5 crystallize in the monoclinic
system and 3 crystallizes in the triclinic system. The oxalate
ligands in 1–5 adopt the bis-bidentate coordination mode and
the two bpy molecules act as terminal ligands. The coordination
of the counterions and the surroundings of the copper(II) ions
differentiate the five compounds. The four nearest neighbours
Introduction
The understanding of the exchange interaction between two
spin bearers through multiatomic bridges has made substantial
progress in the last few decades.[1–4] Our groups have contrib-
uted to these endeavours with the synthesis and the theoretical
study of simple dinuclear complexes with bis-bidentate
[XYC2ZW]2– ligands (Scheme 1), such as oxalato (X = Y = Z =
W = O),[5–7] oxamato (X = Y = Z = O; W = NH),[8] oxamido (X =
Z = O; Y = W = NH),[9,10] dithiooxalato (X = Y = O; Z = W = S),[11]
dithiooxamido (X = Z = S; Y = W = NH)[12,13] and tetrathio-
oxalato (X = Y = Z = W = S).[14]
Mechanisms and exchange pathways have been proposed
to explain the large interactions observed in planar TCuII–
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of copper(II) in 1–4 are roughly in the plane of the CuC2O4Cu
framework, whereas they are in an almost perpendicular plane
in 5. Using the isotropic Hamiltonian H = –J S1·S2, where S1
and S2 are the spin quantum operators for Cu1 and Cu2; J is
–384 cm–1 for 1, –392 cm–1 for 2 and –387 cm–1 for 3, slightly
decreasing to –328 cm–1 for 4 and falling to –14 cm–1 for 5. The
influence of the anions on the magnetic properties of this fam-
ily of compounds is explained by the changes in the overlap of
the magnetic orbitals through the oxalate bridge. DFT calcula-
tions reproduce well the experimental values of J and provide
an illustration of the magnetic orbitals.
Scheme 1. Dicopper(II) complexes with bis-bidentate oxalate-type ligands
and x,y,z axes.
XYC2ZW–CuIIT complexes (T, terminal ligand) at various levels
of sophistication: semi-empirical;[6] DFT;[15,16] and ab initio.[17] In
the simplest two-active-electron model (Scheme 2), the σ-type
overlap integral between the localized nonorthogonal mag-
netic orbitals, a and b, centred on Cu1 and Cu2, explains qualita-
tively the antiferromagnetic coupling through the bridge. The
larger the overlap, the wider the energy gap between the two
SOMOs, Ψ1 (u symmetry) and Ψ2 (g symmetry), built from the
± combination of the a and b magnetic orbitals (Scheme 2b),
and the larger the AF coupling. The spin scheme represents the
(excited) triplet state.
When the magnetic orbitals are in the plane of the bridge,
they overlap significantly and the interaction is large, even for
two copper(II) ions more than 5 Å apart (Scheme 2). When they
are in a plane perpendicular to the bridge in complexes with
an inversion centre, the overlap is weak (Scheme 3) and the
interaction is small (this was called orbital reversal or switching
effect by O. Kahn).[18,19]
Scheme 2. Schematic representation of: (a) the magnetic orbital of the mono-
nuclear copper(II) complex; and (b) the singly occupied molecular orbitals
(SOMOs) in the oxalate-bridged dicopper(II) complex through the σ in-plane
exchange pathway.
Scheme 3. Schematic representation of: (a) the magnetic orbital perpendicu-
lar to the plane of the oxalate ligand; and (b) the SOMOs resulting from the
orbital reversal in an oxalate-bridged dicopper(II) complex.
The influence of the nature of the bridging X, Y, Z and W
atoms[8,14] and of the terminal ligand T[20] on the exchange in-
teraction has been studied, as well as the exchange pathways
in heterobimetallic µ-oxalato complexes, dinuclear species,[21,22]
oligonuclear entities,[23] and 1D,[24] 2D or 3D systems.[25–34]
Most often, the magnetic properties are in line with simple or-
bital models.[35–38] The intramolecular ferromagnetism arising
from the strict orthogonality of the magnetic orbitals in
[CuII–VIVO],[39] [CuII–CrIII],[22] [NiII–CrIII][23] and even [CuII–CuII][40]
is particularly striking.
We tackle here the unexplored role of the counterion. In
most cases, the anion is not (or is very weakly) bound to the
metal. It isolates the paramagnetic molecular species from each
other and allows the electroneutrality of the framework. It also
ensures the stability of the crystal when two complexes of dif-
ferent stoichiometry coexist, as in the case of the compounds
of formula [Cu2(bpy)2(H2O)(C2O4)][Cu(bpy)C2O4](X)2 {X = NO3–
(6), BF4– (7) and ClO4– (8)},[41–43] a series of double complexes
named after Janus.
On the contrary, in the series of five oxalato-bridged dicop-
per(II) complexes with 2,2′-bipyridine as the terminal ligand
presented here, we show that when the counterion enters the
coordination sphere of the copper(II) ion, it strongly modifies
the antiferromagnetic coupling from a very strong to a very
small value. The ligands and counterions used for the syntheses
of complexes 1–5 are presented in Scheme 4.
Scheme 4. Ligands and counterions in 1–5.
The magneto-structural results concerning the compounds
of formula [Cu2(bpy)2(H2O)2(C2O4)](CF3SO3)2 (1), [Cu2(bpy)2-
(C2O4)](PF6)2 (2), [Cu2(bpy)2(C2O4)](ClO4)2 (3), [Cu2(bpy)2-
Cl2(C2O4)]·H2O (4) and [Cu2(bpy)2(NO2)2(C2O4)] (5) are compared
with compounds 6–8[42,43] and also with the previously
prepared dinuclear complex [Cu2(tmen)2(H2O)2(C2O4)]-
(ClO4)2·1.25H2O (9), which has bidentate N,N′,N′′,N′′′-tetrameth-
ylethanediamine (tmen) as the terminal ligand.[5,6]
Results and Discussion
Description of the Structures of 1–5
The structures of compounds 1–5 consist of dinuclear
(bpy)(L)Cu(µ-C2O4)Cu(L)(bpy) entities in which the oxalate
groups adopt the bis-bidentate coordination mode, the bpy
molecules act as terminal bidentate ligands and L is an addi-
tional anionic ligand, L = CF3SO3– (1), PF6– (2), ClO4– (3), Cl– (4)
and NO2– (5). Selected data for weak bonds, mean planes and
the copper surrounding, bond lengths, bond angles and atom–
plane distances for 1–5 are synoptically displayed in Tables S1–
S3. The atom numbering scheme is shown in Figure S1. The
plane perpendicular to the oxalate mean plane and comprising
the two copper(II) ions is a true mirror plane in 2 and a pseudo
one in 1 and 3–5. Each copper(II) in 1 has an axially coordinated
water molecule and the two water molecules are trans to each
other. This water coordination scheme is also observed in com-
plexes 6–8,[41–43] in which the dinuclear [(bpy)(H2O)Cu(µ-C2O4)-
Cu(H2O)(bpy)] units are cationic with no covalent bonding to
the counterions.
The remarkable feature is the variety of geometries triggered
by the L ligand, outlined in Figure 1. The dinuclear units have
no crystallographically imposed symmetry in the perchlorato
derivative 3, while they have at least one element of symmetry
in the other compounds: (i) a twofold axis perpendicular to
both the oxalate C–C bond and the Cu–Cu segment in the
chloro derivative 4; (ii) an inversion centre at mid-oxalate C–C
bond in the other ones (1, 2 and 5), as in the complexes 6–
8;[41–43] and (iii) an inversion centre as the intersection of the
true mirror plane with the twofold axis along the oxalate C–C
bond in the hexafluorophosphate derivative 2.
Figure 1. Perspective view of the dinuclear units in compounds 1–8. Colour
code: grey (carbon), dark blue (nitrogen), red (oxygen), green (halogen, F or
Cl) and pale blue (copper).
The dinuclear (bipy)(L)Cu(µ-C2O4)Cu(L)(bipy) entities in com-
pounds 1–8 may be divided into three classes, according to the
behaviour of the L ligand:
(i) In compounds 4 and 5, the L ligands are the counterions Cl–
and NO2–, respectively; they are bound to the copper(II) ions
[Cu–Cl = 2.4468(4) Å (4) and Cu–O3 = 2.0055(10) Å (5)]. The
chlorine atoms in 4 are on the same side of the oxalato bridge
and are linked by a doubly H-bonded water molecule (Fig-
ure 1d). The nitrito groups in 5 chelate the copper(II) ions in an
asymmetric way [Cu–O4 = 2.5402(11) Å]. They are on opposite
sides of the oxalato plane (Figure 1e). The copper(II) surround-
ing in 4 is square pyramidal, whereas it is distorted octahedral
in 5.
(ii) In compounds 1–3, the ligands L are also the counterions,
that is, SO3CF3–, PF6– and ClO4–, respectively, but they weakly
bind to the copper(II) ions [Cu–O = 2.6813(16) Å (1), Cu–F =
2.4347(10) Å (2) and Cu–O is from 2.332(13) to 2.380(7) Å (3)]. In
1, a water molecule at 2.3561(11) Å occupies the axial position
opposite to the triflate, thus giving a 4 + 1 + 1 octahedral
geometry about the copper(II) ions. The triflate ions are trans to
each other and so are the water molecules. The same 4 + 1 + 1
octahedral geometry arises in 2 and 3 from a very weak interac-
tion between each copper(II) ion and a neighbouring counter-
ion [Cu–F = 2.7351(13) Å (2) and Cu–O = 2.7101(24) Å and
2.6589(22) Å (3)]. The dinuclear units in 1 are well isolated from
each other. However, they build ladders in 2 and 3, where the
(bpy)Cu(O2C2O2)Cu(bpy) entities are the rods and the PF6– or
ClO4– anions are the rungs (Figures 1b,c).
(iii) The L ligands in the dinuclear entities of the nitrate (6),
tetrafluoroborate (7) and perchlorate (8) derivatives are not the
counterions. Instead, one water molecule is bound to each of
them: Cu–Ow = 2.246(2), 2.279(2) and 2.285(2) Å, respectively.
The coordinated water molecules of the dinuclear entity are
trans to each other, according to the centrosymmetry (Fig-
ure 1f ). Each copper(II) ion interacts very weakly with a counter-
ion peripheral atom more than 2.7 Å apart, thus achieving a
5 + 1 coordination. The counterion and the water molecule lo-
cated on the same side of the oxalate plane are hydrogen
bonded to each other.
The structures of 6–8 are also distinct from 1–5 in that they
contain both dinuclear and mononuclear entities. In spite of
the different counterions, compounds 6–8 are isostructural, a
feature that has been commented on elsewhere.[42,43]
The shortest Cu–O(oxalate) distances are observed in 1 and
2. They are strictly equal in 2, according to the C2h symmetry
[Cu–O = 1.9649(8) Å] and they do not differ significantly in 1
[1.9699(8) and 1.9662(8) Å for Cu–O1 and Cu–O2, respectively].
Due to the C2h symmetry, the four basal atoms in 2 are strictly
coplanar and the chemically equivalent bonds are equal. The
four basal atoms are nearly coplanar (atom–plane distances less
than 0.01 Å) in 1, despite the absence of crystallographically
imposed symmetry. These two compounds show the shortest
shift of the copper atom from the basal plane [h = 0.041(1)
(1) and 0.079(1) Å (2)] and the shortest intramolecular Cu···Cu
separation [5.1268(4) (1) and 5.1312(5) Å (2)].
The two Cu–O(oxalate) distances in 3 and 6–8, although not
strictly equal, are similar [1.971(3) ≤ Cu–O1, Cu–O2 ≤
1.983(2) Å]. The values of the copper–copper separation vary
from 5.1521(5) Å in 3 to 5.154(1) Å in 6 and to 5.1846(5) Å in
4, the largest values being for 1–4. The elevations of the cop-
per(II) ion from the mean basal plane are similar, in the range
0.16–0.18 Å, about twice the value observed in 2. This parame-
ter jumps to 0.3666(2) Å in 4, due to the coordinated chloride.
Compound 4 has the most wrinkled oxalate group [dihedral
angles are 6.0° between the two OOC carboxylate moieties and
5.5° between the O1C1C2 and the C1C2O2′ planes (see Fig-
ure S1)], while they are null or less than 1.0° in the other com-
pounds. It also has the largest values of the dihedral angles
with the basal plane of the square pyramid (dihedral angles 1
and 2 in Table S2).
The bipyridyl, oxalate and nitrite ligands in 5 are all chelat-
ing, a feature that prevents the square-pyramidal coordination
of the copper(II) ion. The three chelates coordinate to the metal
centre in asymmetrical modes. In particular, the copper–oxalate
bond lengths are quite different [Cu–O1 = 1.9656(8) Å (one of
the shortest observed values) and Cu–O2 = 2.2506(9) Å (the
largest observed)]. Consequently, the intramolecular copper–
copper distance increases to 5.4604(3) Å. The OTf···Ow (1) and
Cl···Ow (4) hydrogen bonds, very weak C–H···F (2), C–H···Cl (4)
type interactions and π–π stacking (1–5) contribute to the sta-
bilization of the crystal packing, as analyzed in the Supporting
Information (see Figures S2–S6 and Tables S1–S3).
Magnetic Properties and EPR Results
The thermal variation of the magnetic susceptibility per dicop-
per(II) unit for each compound 1–5 is shown in Figures S7–S11.
The molar magnetic susceptibility data were corrected for the
diamagnetic contribution of the constituent atoms, the temper-
ature independent paramagnetism (TIP) and the sample holder.
These magnetic plots are characteristic of antiferromagnetic in-
teractions between two spin doublets, leading to a ground sin-
glet spin state. They were fitted by the Bleaney and Bowers
law for a dinuclear copper(II) complex,[44] where the variable
parameters are the coupling constant J (using the interaction
Hamiltonian H = –J S1·S2) and the Landé factor g. The least-
squares best-fit parameters are listed in Table 1.
Table 1. Best-fit parameters of the thermal variation of the magnetic suscepti-
bility in 1–9.
Compound J [cm–1] g R × 105 [a] Refs.
1 –384 2.17 14 this work
2 –392 2.18 3.1 this work
3 –387 2.19 22 this work
4 –328 2.14 6.3 this work
5 –14.0 2.20 81 this work
6 –386 2.003[b]/2.217[c] 5.4 [42,43]
7 –378 2.00[b]/2.20[c] 6.5 [42]
8 –376 2.01[b]/2.23[c] 7 [42]
9 –385.4 2.216 3.9 [6]
[a] Agreement factor R defined as Σ[(÷M)exp – (÷M)calcd]2/Σ[(÷M)exp]2. [b] Di-
nuclear unit. [c] Mononuclear entity.
The X-band EPR spectra of compounds 1–5 present broad
featureless transitions, centred on g values, in line with the sus-
ceptibility data (see Table 1). The characteristic weak half-field
transition expected for the excited triplet is also observed.
DFT Calculations
DFT calculations were performed using the B3LYP functional
(see Computational Details in the Exp. Sect. for further detail).
The calculated J values are reported in Table 2. They show ex-
cellent quantitative agreement with those obtained by the fit
of the magnetic data. The calculated magnetic orbitals are
shown in Figure 3.[16] The represented orbitals correspond to
the empty “magnetic orbitals”, because they provide a more
accurate description, properly including spin-polarization ef-
fects.[45] The analysis of the results and the topology of the
bridging ligand clearly indicates that complexes 1–4 corre-
spond to the coplanar topology of the dx2–y2 orbitals in the
same plane, with a relatively large overlap, resulting in a strong
antiferromagnetic coupling (see calculated magnetic orbitals in
Figure 3). This situation is related to the existence of four short
Cu–O bridging bond lengths (Table 2). The magnetic orbitals of
the two CuII centres are coplanar (Figure 3). The weaker antifer-
romagnetic coupling in 4 is due to a relatively large out-of-
plane N2O2 shift, making the overlap between the two mag-
netic orbitals less efficient than in 1–3, which have the same
topology. Finally, the presence of two long Cu–O bridging bond
lengths in complex 5 results in a parallel topology of the two
magnetic orbitals.[1] As the overlap between the two magnetic
orbitals is much less efficient than in the coplanar topology,
there is considerable reduction of the antiferromagnetic inter-
action (see Table 2).
Table 2. Structural parameters (Cu–O distances and Cu···N2O2 plane) of com-
plexes 1–5. Experimental and DFT calculated values of J.
Comp. Cu–O [Å] Cu···N2O2 [Å] Jexp [cm–1] JDFT [cm–1]
1 1.966, 1.970 0.061 –384 –356
2 1.965, 1965 0.079 –392 –393
3 1.982, 1.981 0.166, 0.177 –387 –384
1.978, 1.972
4 1.988, 1.997 0.410 –328 –296
5 1.966, 2.251 – –14 –19
We comment below on three points: (i) the large antiferro-
magnetic singlet–triplet gap |J| observed in compounds 1–3, J
≈ (–388 ± 4) cm–1, within experimental uncertainty; (ii) the tun-
ing of the |J| value by the chloride ion in 4 to –328 cm–1; and
(iii) the important decrease of |J| in 5 to –14.0 cm–1, caused by
the coordination of the nitrite to the copper(II) ion. The spectac-
ular change of the magnetic exchange coupling between com-
pounds 4 and 5 is illustrated in Figure 2.
Figure 2. Comparison of the thermal variation of the molar magnetic suscepti-
bility for 4 (full triangles) and 5 (empty triangles). The corresponding curves
for 1–3 are running below the one of compound 4; they are not drawn for
the sake of clarity (see Figures S7–S9).
(i) We observed in 1–3 and in the dinuclear entities 6–8 with
bpy as the terminal ligand, an antiferromagnetic coupling J ≈
(–388 ± 4) cm–1 as large as the one already observed for the
dicopper(II) unit [(tmen)(H2O)Cu(C2O4)Cu(H2O)(tmen)]2+[5,6] in 9,
where the bidentate diamine tmen is the end-cap ligand. The
geometry of the N2Cu(C2O4)CuN2 framework is practically the
same in 1–3, 6–8 and in 9. Therefore, we can conclude that the
nature of the diamine terminal ligand has a negligible influence
on the value of |J|. The interpretation of the coupling
(Scheme 2) can be fully extended to the present case. The struc-
tural analysis pointed out the presence of different weak inter-
molecular interactions. The (high temperature) magnetism of
1–3, 6–8 and 9 is dominated by the intramolecular magnetic
coupling (|J| value). The weak intermolecular interactions play
no significant role in the magnetic properties, since at low tem-
perature, the dinuclear complex is a singlet.
The experimental J values and the DFT calculated magnetic
orbitals (1–3 in Figure 3) demonstrate that the axial ligands
have a negligible influence on the exchange coupling and that
there is no significant mixing of the dz2 orbital in the ground
state.
Figure 3. Representation of the magnetic dx2–y2 orbitals in 1–4 and the dz2–x2
ones in 5 using those bearing the unpaired electrons of the broken-symme-
try solutions at a threshold of 0.05 e/Å3 (see text). The positive lobes are
blue, the negative ones are grey. The x,y,z axes are defined in Scheme 1.
(ii) Instead, the decrease of the coupling in 4 is significant, ∆|J|
≈ –50 cm–1 in 4 compared with 1–3 and 9. This is due to the
larger distortion of the bridge in 4, since DFT calculations show
no dz2 orbital admixture in the ground state (4 in Figure 3). It
can be recalled here that Haÿ et al., in a fundamental pioneer-
ing work on the mechanism of exchange in dinuclear sys-
tems,[38] found a dz2 ground state of the copper(II) ion in the
model system Cl4Cu(C2O4)CuCl4 and found a weak dz2–dz2 inter-
action and antiferromagnetic coupling. Our previous re-
sults[5,11,12,16] and the present work show that this conclusion,
obtained with a model geometry, was drawn too quickly.
(iii) The important decrease of the value of |J| in 5 is understood
in the frame of the previously described orbital reversal phe-
nomenon, induced by organic ligands.[16–19] Here, it is due to
the nitrite anion, which enters the first coordination sphere of
the copper(II) ion in a chelating manner, with one short [Cu1–
O3 = 2.005 Å] and one long [Cu1–O4 = 2.540 Å] copper–oxygen
distance. The CuO2N2 basal plane (Cu1O1O3N1N2), defined by
the nearest neighbours of the copper centre, becomes almost
perpendicular to the oxalate plane [82.01(4)°, Table S3]. The
dx2–y2 magnetic orbital in 1–3 switches to dz2–x2 in 5 (5 in Fig-
ure 3). As already found in ref.[5,6], the oxalate–oxygen O2 in
the apical position of the copper(II) ion, presents a Cu1–O2 dis-
tance of 2.251 Å, which is longer than the other one (Cu1–O3).
There is, therefore, a small admixing of the dy2 magnetic orbital
and a small spin density on this O2 oxygen atom. The O2O1
overlap within the two opposite carboxylate bridges becomes
weak. The small admixture of the dy2 orbital accounts for the
nonzero overlap of the magnetic orbitals. The value of J remains
weakly negative, without reaching a positive value, as in the
amazing Oshio's ferromagnetic µ-oxalatocopper(II) chain.[40]
Conclusion
We have presented the structure, the magnetic properties and
DFT calculations of five dinuclear µ-oxalato dicopper(II) systems.
Our data: (i) confirm the peculiar ability of the oxalato bridge
to transmit a large antiferromagnetic interaction between two
copper(II) ions located at more than 5.1 Å from each other, with
a value of J close to –400 cm–1 when the two magnetic orbitals
overlap strongly through the bridge; (ii) illustrate the significant
effect of the counterions on the magnetic properties when they
are entering the coordination sphere of the copper(II), with the
J values changing from large (–388 cm–1) to weak (–14 cm–1);
(iii) reveal good agreement between the experimental and DFT-
calculated J values; and (iv) deliver a take-home message for
synthetic chemists building sophisticated molecular or supra-
molecular assemblies: the counterions are not subsidiary com-
ponents in the synthesis, and they can play a crucial role in
both the final structures and the physical properties.
Experimental Section
Materials: Copper(II) salts as triflate, perchlorate hexahydrate, sulf-
ate pentahydrate, chloride dihydrate, 2,2′-bipyridine, oxalic acid di-
hydrate, lithium(I) hydroxide, barium(II) nitrite and ammonium hex-
afluorophosphate were purchased from commercial sources and
were used as received. The compound [Cu(bpy)(C2O4)]·2H2O was
prepared as described previously.[46a] Copper(II) hexafluorophos-
phate was generated in solution by using a Lewatit S100 cation-
exchange resin as follows: an aqueous solution of copper(II) sulfate
pentahydrate (0.4 M) was passed through the column containing
the cationic exchange resin in order to replace the protons by cop-
per(II) ions; when the pH of the effluent was the same as that of
the initial copper(II) solution, the column was thoroughly washed
until no sulfate was detected in the waste. Then, a concentrated
aqueous solution (20 mL) of NH4PF6 (4 mmol) was allowed to drip
slowly into the column and water (50 mL) was used to elute the
hexafluorophosphate solution. The eluate (70 mL) containing the
copper(II) hexafluorophosphate (4 mmol) was collected to be used
in the preparation of 2 (see below). The elemental analyses (C, H,
N, Cl, F, P) were performed by the Microanalytical Service of the
CNRS (France). A value of 1:1 was determined for the Cu/S (1),
Cu/P (2) and Cu/Cl (3 and 4) molar ratios through electron-probe X-
ray microanalysis with a Philips XL-30 scanning electron microscope
(SEM) from the Central Service for Support to Experimental Re-
search (SCIE) of the Universitat de València.
Safety Note: The perchlorate salts of complexes with organic ligands
are potentially explosive. We worked on the mmol scale and any heat-
ing was avoided. Efforts to replace the perchlorate anions by other
non-coordinating friendly anions such as triflate are recommended.
Synthesis of the Complexes
[Cu2(bpy)2(H2O)2(C2O4)](CF3SO3)2 (1): Stoichiometric amounts of
copper(II) triflate (1 mmol) and bpy (1 mmol) were mixed and dis-
solved in warm water (75 mL). An aqueous solution containing lith-
ium(I) oxalate (0.5 mmol, 25 mL), generated by mixing LiOH
(1 mmol) with oxalic acid (0.5 mmol), was added dropwise under
continuous stirring. The resulting sky-blue solution was filtered to
remove any small solid particles and it was allowed to evaporate in
a fume hood at room temperature. X-ray diffraction quality tur-
quoise-blue needles were grown in a couple of weeks. They were
collected by filtration, washed with small amounts of cold water
and dried on filter paper. The yield (after collecting the different
crops) is practically quantitative. C24H20Cu2F6N4O12S2 (1, 861.64):
calcd. C 33.46, H 2.31, Cu 14.75, F 13.23, N 6.50; found C 33.25, H
2.24, Cu 14.63, F 13.11, N 6.44.
[Cu2(bpy)2(C2O4)](PF6)2 (2): Solid 2,2′-bipyridine (1 mmol) was
added to an aqueous solution (120 mL) of copper(II) hexafluoro-
phosphate (1 mmol) under gentle warming and continuous stirring.
The addition of lithium(I) oxalate (0.5 mmol, 25 mL) caused an en-
hancement of the previous sky-blue colour and the resulting solu-
tion was allowed to concentrate at room temperature. Deep-blue
prisms of 2, which were suitable for X-ray diffraction were grown
within a week, the overall yield being practically quantitative.
C22H16Cu2F12N4O4P2 (2, 817.41): calcd. C 32.33, H 1.96, Cu 15.55, F
27.90, N 6.85, P 7.58; found C 32.15, H 1.89, Cu 15.10, F 27.75, N
6.76, P 7.47.
[Cu2(bpy)2(C2O4)](ClO4)2 (3): The synthesis of 3 followed that of
2, but used copper(II) perchorate hexahydrate instead of copper(II)
hexafluorophosphate and a final volume of 250 mL per 1 mmol of
copper(II). X-ray diffraction quality sky-blue prisms of 3 were grown
from the blue solution on standing at room temperature after sev-
eral days. The yield was practically quantitative. C22H16Cl2Cu2N4O12
(3, 726.39): calcd. C 36.39, H 2.20, Cl 9.76, Cu 17.50, N 7.71; found
C 36.28, H 2.16, Cl 9.65, Cu 17.44, N 7.64.
[Cu2(bpy)2Cl2(C2O4)]·H2O (4): Hot water (100 mL) was added to a
mixture of [Cu(bpy)(C2O4)]·2H2O, CuCl2·2H2O and 2,2′-bipyridine in
a 1:1:1 molar ratio (0.5 mmol of each one) and the resulting suspen-
sion was transformed into a sky-blue clear solution by the addition
of an aqueous solution of lithium chloride (3 mmol, 25 mL) under
continuous stirring. Crystals for X-ray diffraction crystallographic
analysis were grown from this solution, as sky-blue sticks, after
standing at room temperature for several days. Yield ca. 90.
C22H18Cl2Cu2N4O5 (4, 616.41): calcd. C 42.88, H 2.92, Cl 11.51, Cu
20.62, N 9.09; found C 42.72, H 2.84, Cl 11.40, Cu 20.45, N 8.99.
The preparation of compound 4 was reported previously by
other authors through the oxidation of DMF solutions of
[Cu(bpy)(TSC)2]Xn {TSC = thiosemicarbazide and X = Cl– (n = 2),
[CuCl4]2– (n = 1)} with hydrogen peroxide, the thiosemicarbazide
ligand being rapidly oxidized to oxalate.[46b]
[Cu2(bpy)2(NO2)2(C2O4)] (5): An aqueous solution of copper(II)
nitrite (1 mmol) was generated by a metathesis reaction between
copper(II) sulfate pentahydrate and barium(II) nitrite in a 1:1 molar
ratio. Solid 2,2′-bipyridine was added to the resulting green solution
after the removal of the barium(II) sulfate precipitate. Aqueous lith-
ium(I) oxalate (0.5 mmol, 25 mL) and solid NaNO2 (1 mmol) were
poured into the previous solution (total volume 100 mL) under con-
tinuous stirring. After filtration, to remove any small solid particles,
the resulting bright-green aqueous solution was allowed to concen-
trate at room temperature. X-ray diffraction quality emerald-green
prisms of 5 were grown after some days. The yield was practically
quantitative. C22H16Cu2N6O8 (5, 619.50): calcd. C 42.67, H 2.58, Cu
20.52, N 13.56; found C 42.44, H 2.45, Cu 20.39, N 13.43.
Physical Measurements: Magnetic measurements on polycrystalline
samples of 1–5 were carried out with Faraday-type (1–3 and 5) and
Quantum Design SQUID MPMXL-5 SQUID (4) magnetometers in the
temperature range 70–300 K (1–3) and 4.0–300 K (4–5) under an
applied dc magnetic field of 10 kOe. The magnetic susceptibility data
were corrected for the diamagnetic contributions of the constituent
atoms estimated from Pascal's constants. Corrections for the temper-
ature-independent paramagnetism [120 × 10–3 cm3 mol–1 per two
copper(II) ions] and paramagnetic impurities of the sample holder
were also applied. X-band EPR spectra on polycrystalline samples of
1–5 were performed with a Bruker ER200 spectrometer equipped
with a helium continuous-flow cryostat.
X-ray Diffraction Data Collection and Structure Refinement: A
single crystal of each compound was selected, mounted onto a
cryoloop and transferred in a cold nitrogen-gas stream. Intensity
data were collected with a BRUKER Kappa-APEXII diffractometer
with graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å).
Data collection was performed with APEX2 suite (Bruker). Unit-cell-
parameter refinement, integration and data reduction were carried
out with SAINT program.[47] SADABS[48] was used for scaling and
multiscan absorption corrections. In the WinGX[49] suite of pro-
grams, the structures were solved with SHELXS-2013[50] or Sir92[51]
programs and were refined by full-matrix least-squares methods
using SHELXL-2013.[50] All non-hydrogen atoms were refined aniso-
tropically. The hydrogen atoms were placed at calculated positions
and were refined with a riding model. A model of disorder was
introduced for the perchlorate anion in 3. DIAMOND[52] was used
to create graphical illustrations.
A summary of the crystal data and refinement conditions for 1–5
is given in Table 3, whereas selected data for weak bonds; mean
planes and copper surrounding; bond lengths, bond angles and
atom–plane distances for these compounds are synoptically dis-
played in Tables S1, S2 and S3, respectively.
CCDC 1049849 (for 1), 1049850 (for 2), 1049851 (for 3), 1049852
(for 4) and 1049853 (for 5) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre.
Computational Details: Electronic-structure calculations, based on
density functional theory, provided a good description of the ex-
change coupling constants, despite the tiny energy differences in-
volved in such parameters. A detailed description of the theoretical
Table 3. Crystal data and details of structure determination for compounds 1–5.
1 2 3 4 5
Chemical formula C24H20Cu2F6N O12S2 C22H16Cu2F12 N4O4P2 C22H16Cl2Cu2N4O12 C22H18Cl2Cu2N4O5 C22H16Cu2N6O8
Formula mass [g/mol] 861.64 817.41 726.37 616.38 619.49
Z 2 2 2 4 2
T [K] 220 220 220 220 220
Wavelength [Å] 0.71073 0.71073 0.71073 0.71073 0.71073
Crystal system monoclinic monoclinic triclinic monoclinic monoclinic
Space group P21/c C2/m P(–1) C2/c P21/n
a [Å] 8.7631(3) 14.4603(7) 7.1729(5) 18.8399(6) 8.3813(2)
b [Å] 15.3460(5) 13.9152(6) 9.5918(6) 6.7750(2) 11.8051(3)
c [Å] 12.3751(4) 7.8943(4) 19.7996(10) 18.2475(6) 11.8014(3)
α [°] 90 90 82.234(3) 90 90
â [°] 110.547(2) 121.707(1) 80.165(3) 95.135(2) 100.9480(10)
γ [°] 90 90 72.547(4) 90 90
V [Å3] 1558.32(9) 1351.39(11) 1275.31(14) 2319.77(13) 1146.40(5)
Dcalcd. [g cm–3] 1.836 2.009 1.892 1.765 1.795
Absorption coefficient [mm–1] 1.603 1.816 1.952 2.107 1.919
θ range [°] 2.20 to 32.13 2.21 to 31.99 2.23 to 30.18 2.17 to 32.05 2.46 to 32.15
Reflections collected/unique 31929/5463 7733/2410 15122/7470 20941/3996 15203/4023
R(int) 0.0214 0.0123 0.0258 0.0141 0.0142
Parameters/restraints 227/0 111/0 397/0 160/0 172/0
R1 (all data)/wR2 (all data) 0.0292/0.0737 0.0250/0.0716 0.0594/0.0962 0.0249/0.0632 0.0241/0.0645
R1 [I > 2σ(I)]/wR2 [I > 2σ(I)] 0.0263/0.0712 0.0240/0.0706 0.0380/0.0880 0.0230/0.0621 0.0215/0.0630
Goodness-of-fit on F2 0.962 1.084 1.026 1.073 1.067
∆Fmax/∆Fmin [e Å–3] 0.440/–0.518 0.620/–0.499 0.865/–0.544 0.584/–0.305 0.452/–0.323
[a] R1 = Σ(|Fo| – |Fc|)/Σ|Fo|. [b] wR2 = {Σ[w(Fo2 – Fc2)2]/Σ[w(Fo2)2]}1/2 and w = 1/[σ(Fo2) + (mP)2 + nP] with P = (Fo2 + 2Fc2)/3, m = 0.0401 (1), 0.0389 (2), 0.0446
(3), 0.0295 (4) and 0.0342 (5) and n = 1.0816 (1), 1.2630 (2), 0.5301 (3), 2.6304 (4) and 0.3775 (5).
approach can be found in the literature.[53–57] In the case of the
dinuclear complexes, using the experimental geometries in the cal-
culations, the J value was obtained directly from the energy differ-
ence between the high-spin state, a triplet state for dinuclear CuII
complexes and the broken-symmetry solution.[53–57] Previously, we
studied the effect of the basis set and the choice of the functional
on the accuracy of the determination of the exchange coupling
constants.[53–57] The calculations were performed using the hybrid
B3LYP functional,[58] together with the basis sets proposed by
Schaefer et al. We employed a basis set of triple-æ quality for all
atoms[59] and the Gaussian 09 code.[60]
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